INTRODUCTION
============

Bronchopulmonary dysplasia (BPD) is a lung disease commonly found in preterm infants.[@B1] The pathophysiology of BPD is characterized by poor alveolarization, disrupted microvascular development, mesenchymal cell hyperplasia, and fibrosis.[@B2] The incidence of BPD is 68% among preterm infants at 22--28 weeks of gestation.[@B3] BPD is most closely related to preterm birth; and other factors, such as prenatal infection and inflammation, mechanical ventilation, oxygen toxicity with decreased host antioxidant defenses, patent ductus arteriosus, and postnatal infection, all contribute to the pathogenesis of BPD.[@B4] Northway, et al.[@B5] proposed the following four major factors in the pathogenesis of BPD: lung immaturity, respiratory failure, oxygen supplementation, and positive-pressure mechanical ventilation. Beyond these factors, new knowledge suggests additional complex processes involved in the pathogenesis of BPD, including inflammation, aberrations in lung growth and lung signaling pathways, as well as derangements in transcription factors and growth factors.[@B6] The pathogenesis of BPD is complex, and there is yet no effective and safe therapy for this condition. Therefore, it is essential to explore new approaches for the treatment of BPD.

Hyperoxia is a leading cause of BPD, which can enhance cell injury in alveolar epithelial and endothelial cells.[@B7] Preterm infants are more susceptible to hyperoxia-induced BPD due to perinatal infection and inflammation,[@B8] respiratory immaturity,[@B9] and oxidative stress.[@B10] Hyperoxia exposure in neonatal rats causes alveolar development deficits and inflammation similar to pathological features in preterm infants with BPD.[@B11] Currently, hyperoxia-induced BPD is mainly treated by corticosteroids and mechanical ventilation.[@B12][@B13] However, their modest effectiveness is accompanied by severe side effects on alveolar growth and neural development. The treatment of preterm infants with hyperoxia-induced BPD should be further explored.

Lung development requires an ordered pattern of proliferation and differentiation of various lung cells that culminates in the development of alveolus, airways, and various specialized cells that are required for air breathing.[@B14] Therefore, normal cell-cycle progression is crucial for lung development. The cell division cycle 2 (CDC2), which belongs to CDC genes, is involved in the cell cycle.[@B15] In a normal cell cycle, the activation of CDC2 is a key event in triggering the transition from G2 phase to mitotic phase, by promoting the breakdown of the nuclear membrane, chromatin condensation, and microtubule spindle formation.[@B16] In the past, the relationship between CDC genes and lung diseases mainly focused on cancers. CDC2 has been observed in early stage lung adenocarcinomas.[@B17] Overexpression of CDC20 is related to poor prognosis in the lung adenocarcinoma,[@B18] and is found in the Fine Particulate Matter (PM~2.5~)-induced lung cancers cells.[@B19] Up-regulation of CDC-associated 3 protein inhibits the tumorigenesis of non-small-cell lung cancer.[@B20] However, the role of CDC2 in preterm infants with hyperoxia-induced BPD is unknown.

In this study, we evaluated the histopathologic changes of lung tissues in neonatal rats with hyperoxia-induced BPD. Then, we explored the regulatory effects of CDC2 on the viability, apoptosis, and inflammation of hyperoxia-induced A549 cells. Finally, the role of CDC2 was determined in neonatal rats with hyperoxia-induced BPD. The results of this study may provide a new approach for the treatment of hyperoxia-induced BPD in preterm infants.

MATERIALS AND METHODS
=====================

Animals
-------

Sixty neonatal Wistar rats (4.0±0.43 g) were purchased from the Institute of Zoology, Chinese Academy of Sciences (Beijing, China). The rats were fed standard chow and water, while being maintained under a 12 h/12 h light/dark cycle. This study was approved by the Animal Ethics Committee (No: 190) of our hospital, and all experiments were conducted in accordance with the NIH Guide for the Care and Use of Laboratory. After the study, all animals were anesthetized by intraperitoneal injection of sodium pentobarbital (80 mg/kg), and then sacrificed by cervical dislocation.

Hyperoxia-induced BPD model
---------------------------

Hyperoxia-induced BPD model in neonatal rats (2--3 days old) was established by exposing in an atmosphere of 90% oxygen (O~2~) and \<5% carbondioxide (CO~2~) with continuous O~2~ monitoring for 7 days. The neonatal rats with hyperoxia-induced BPD were divided into Model, Model+pcDNA, and Model+pcDNA-CDC2 groups (15 rats in each group). The neonatal rats with hyperoxia-induced BPD were intravenously injected with 100 µg of pcDNA (Model+pcDNA group) or pcDNA-CDC2 (Model+pcDNA group) in a large volume of saline (2 mL), in accordance with the method previously reported by Lewis and Wolff[@B21] at 7, 10, and 13 days after hyperoxia induction. The rats (n=15) in the control group were kept in room air (normoxia, 21% oxygen) without treatment. At 3, 7, and 14 days after hyperoxia induction, the rats were anesthetized with 50 mg/kg pentobarbital sodium, and sacrificed by cervical dislocation. The three groups of rats received 0, 1, and 3 times of pcDNA or pcDNA-CDC2 injection, respectively. Lung tissues were collected for future experiments.

Histopathology of lung tissues
------------------------------

Lung tissues were fixed in 4% paraformaldehyde for 24 h, embedded in paraffin, cut into sections at 6-µm thickness, and underwent hematoxylin-eosin (HE) staining. By means of light microscopy (Nikon, Eclipse 80i, Tokyo, Japan), the expansion of the alveoli and pulmonary interstitial of lung tissues were observed. The fibrosis score was graded as previously described.[@B22] In brief, the extent of pathological lesions was graded from 0 to 3, as shown in [Table 1](#T1){ref-type="table"}. A perpendicular line was drawn from the center of the most peripheral bronchiole to the nearest interlobular septum, and the alveoli were counted along the line, which reflects the degree of alveolarization and the extent of lung development/injury. At least three sections were evaluated for each mouse, counting was done five times for each section, and a mean was obtained as the radial alveolar count (RAC) Image-Pro Plus 6.0 software (IPP, Media Cybernetics, Rockville, MD, USA) was used to detect the mean alveolar diameter (MAD) and alveolar septal thickness (AST). The mean linear chord length (Lm), as an indication of MAD, was calculated by dividing the length of seven horizontal test lines placed 40 mm apart (total length=2968 mm) by the number of intercepts of the septal wall. The same measurements were done over at least four different areas of the lung section (superior and inferior sections of each lung). AST was determined near the center of septae from 30 to 40 different alveoli in each section, as described recently in lungs of mice.[@B23] At least three different sections from each lung were used for these measurements.

Cell culture
------------

A549 cells (human respiratory epithelium) were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). All cell lines were cultured in Roswell Park Memorial Institute (RPMI)-1640 (GIBCO, Erie, NY, USA) with 10% fetal bovine serum (FBS, Invitrogen, Carlsbad, CA, USA) at 37℃ containing 5% CO~2~. Hyperoxia was used to construct the BPD model in A549 cells (A549 cells were conducted in a humidified chamber flushed with 95% O~2~, 5% CO~2~ at 37℃ for 6 h). The Air group cells were cultured constantly under normal conditions in a normal medium.

Cell transfection
-----------------

The pcDNA3.1-CDC2 and pcDNA3.1-negative control (NC) were obtained from Shanghai Genepharma (Shanghai, China). The hyperoxia-induced A549 cells were grown to 60% confluence, and then harvested for the experiment. The cells were divided into the following three groups: Hyperoxia group (hyperoxia-induced A549 cells without transfection); Hyperoxia+pcDNA-NC group (hyperoxia-induced A549 cells were transfected with pcDNA3.1-NC); Hyperoxia+pcDNA-CDC2 group (hyperoxia-induced A549 cells were transfected with pcDNA3.1-CDC2). Transfections were performed using Lipofectamine 3000 reagent (Invitrogen).

Cell viability assay
--------------------

To measure the cell viability, hyperoxia-induced A549 cells were seeded in 96-well plates. Then, 10 µL of cell counting kit-8 (CCK-8) reagents (BD Biosciences, Franklin Lakes, NJ, USA) were separately added into each well of the 96-well plate. The optical density 450 nm (OD~450~) was measured using a microplate reader (BioTek Instruments Inc., Winooski Vermont, WV, USA). Lactate dehydrogenase (LDH) released in the cell culture media was monitored by using the LDH activity kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). LDH release is presented as % cytotoxicity.

Flow cytometry
--------------

Apoptosis was detected using the Annexin V-PI kit (Invitrogen). A549 cells were seeded in 96-well plates, and cultured for 24 h. Then cells were stained with 5 µL Annexin V-fluorescein isothiocyanate and 10 µL propidium iodide for 15 min in the dark. The apoptosis rate was detected on flow cytometry (BD Biosciences).

Enzyme-linked immunosorbent assay
---------------------------------

The supernatant of transfected cells was collected, and the levels of the tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6 were measured by enzyme-linked immunosorbent assay (ELISA) kits (R&D systems, Inc., Mineapolis, MN, USA). Absorbance was measured at 450/550 nm by enzyme mark instrument (Molecular Devices, Sunnyvale, CA, USA).

Quantitative real-time polymerase chain reaction
------------------------------------------------

Total RNA was extracted from lung tissues or cells using the TRIzol reagent (Invitrogen), and was reverse-transcribed into cDNA by Takara PrimeScript RT reagent kit (Takara, Otsu, Japan). PCR reaction was performed on ABI 7500HT Fast Real-Time PCR System (Applied Biosystems, Waltham, MA, USA) under the following conditions: 95℃ for 3 min, 40 cycles of 95℃ for 15 s, and 60℃ for 30 s. Relative expression was calculated by the 2^−ΔΔCt^ method. β-actin was used for the normalization. The primer sequences are shown in [Supplementary Table 1](#S1){ref-type="supplementary-material"} (only online).

Western blot
------------

Lung tissues and A549 cells were lysed by ice-cold lysis buffer to obtain the total protein. The concentration of total protein was detected by bicinchoninic acid protein concentration assay kit (Pierce, Rockford, IL, USA). Protein samples were separated in sodium dodecyl sulfate polyacrylamide gel electrophoresis, and transferred onto polyvinylidene fluoride membrane. Then, the membranes were incubated with primary antibody overnight at 4℃. The antibodies used in this study were as follows: anti-cyclin-dependent kinases (1:1000, ab131450, Abcam, Cambridge, MA, USA), anti-Bcl-2 (1:1000, ab182858, Abcam), anti-Bax-2 (1:1000, ab32503, Abcam), and anti-Cleaved Caspase-3 (1:1000, ab2302, Abcam). The membranes were then incubated with horseradish peroxidase-labeled goat anti-rabbit IgG (1:5000, ab6712, Abcam) secondary antibody for 1 h at room temperature. Finally, the protein bands were visualized by enhanced chemiluminescence exposure solution, and quantified by a gel imaging system (UVP, Upland, CA, USA). GAPDH (1:1000, ab181602, Abcam) was introduced as the internal reference.

Statistical analysis
--------------------

Statistical analysis was performed with SPSS 23.0 (IBM, Corp., Armonk, NY, USA). Data are presented as mean±standard deviation. The differences among various groups were analyzed by one-way ANOVA, followed by Tukey\'s multiple comparisons test. *p* value\<0.05 was considered statistically significant.

RESULTS
=======

Hyperoxia-induced BPD enhanced histopathologic changes in lung tissues of neonatal rats
---------------------------------------------------------------------------------------

The expansion of the alveoli, pulmonary interstitial fibrosis, and fibrosis score of lung tissues were evaluated by HE staining. By contrast to the control group, expansion of the alveoli and pulmonary interstitial fibrosis were more obvious in the model group ([Fig. 1A](#F1){ref-type="fig"}). The fibrosis score in the model group was higher than that in the control group on days 7 and 14 (*p*\<0.001) ([Fig. 1B](#F1){ref-type="fig"}). The alveolar area and RAC value were markedly decreased in the model group on days 7 and 14 compared to the control group (*p*\<0.01) ([Fig. 1C and D](#F1){ref-type="fig"}). The MAD and AST were in contrast with the RAC value (*p*\<0.01) ([Fig. 1E and F](#F1){ref-type="fig"}).

CDC2 expression was decreased in neonatal rats with hyperoxia-induced BPD
-------------------------------------------------------------------------

The relative mRNA expression of CDC2 was detected by qRT-PCR. Compared to the control group, the relative mRNA expression of CDC2 in lung tissues was markedly decreased in the model group on days 7 and 14 (*p*\<0.01) ([Fig. 2A](#F2){ref-type="fig"}). The relative protein expression of CDC2 was detected by western blot. By contrast to the control group, the relative protein of CDC2 in lung tissues was markedly decreased in the model group on days 7 and 14 (*p*\<0.01) ([Fig. 2B](#F2){ref-type="fig"}).

CDC2 enhanced viability and reduced apoptosis of hyperoxia-induced A549 cells
-----------------------------------------------------------------------------

We then investigated the effect of CDC2 on hyperoxia-induced BPD in vitro. We performed hyperoxia induction to produce hyperoxia-induced BPD in A549 cells. According to qRT-PCR and western blot analysis, the relative mRNA and protein expression of CDC2 was down-regulated in hyperoxia-induced A549 cells (*p*\<0.01) ([Fig. 3A and B](#F3){ref-type="fig"}). Transfection with pcDNA3.1-CDC2 markedly increased the expression of CDC2 protein in hyperoxia-induced A549 cells (*p*\<0.001) ([Fig. 3C](#F3){ref-type="fig"}). The biological effect of CDC2 on cell viability was assessed by CCK-8 assay. Cell viability was decreased in hyperoxia-induced A549 cells (*p*\<0.001). Up-regulation of CDC2 markedly increased the cell viability in hyperoxia-induced A549 cells (*p*\<0.001) ([Fig. 3D and E](#F3){ref-type="fig"}). Flow cytometry assay was utilized to analyze the apoptosis rate of A549 cells. The cell apoptosis rate in the Hyperoxia group was higher than that in the Air group (*p*\<0.001). In contrast to the Hyperoxia group, the cell apoptosis rate was markedly decreased in the Hyperoxia+pcDNA-CDC2 group (*p*\<0.001) ([Fig. 3F](#F3){ref-type="fig"}). Meanwhile, the relative protein expressions of bcl-2, bax, and caspase-3 were detected by western blot. Compared with the Air group, hyperoxia exposure markedly down-regulated the relative protein expression of bcl-2, and up-regulated bax and caspase-3 in A549 cells (all *p*\<0.001). Transfection with pcDNA3.1-CDC2 markedly increased the relative protein expression of bcl-2, and decreased bax and caspase-3 in hyperoxia-induced A549 cells (all *p*\<0.001) ([Fig. 3G](#F3){ref-type="fig"}).

Effect of CDC2 on the cell cycle phases of hyperoxia-induced A549 cells
-----------------------------------------------------------------------

The proportion of G0/G1, S, and G2/M phase cells were detected by flow cytometry. Our results revealed that the number of cells was markedly decreased in the G0/G1 phases, and increased in the S and G2/M phases in the Hyperoxia group compared to the Air group (all *p*\<0.001). Treatment with pcDNA3.1-CDC2 significantly elevated the number of cells in the G0/G1 phases (*p*\<0.01), and reduced the number of cells in the S and G2/M phases in hyperoxia-induced A549 cells (*p*\<0.05) ([Fig. 4](#F4){ref-type="fig"}).

CDC2 decreased the secretion of proinflammatory cytokines in hyperoxia-induced A549 cells
-----------------------------------------------------------------------------------------

To evaluate the effect of CDC2 on inflammation of hyperoxiainduced A549 cells, we examined the levels and the relative mRNA expression of TNF-α, IL-1β, and IL-6 in A549 cells using ELISA and qRT-PCR. The results displayed that the levels of TNF-α, IL-1β, and IL-6 in A549 cells in the Hyperoxia group were higher than that in the Air group (*p*\<0.001). Overexpression of CDC2 markedly decreased the above indexes in hyperoxia-induced A549 cells (*p*\<0.01) ([Fig. 5A--C](#F5){ref-type="fig"}). qRT-PCR showed that the relative mRNA expressions of TNF-α, IL-1β, and IL-6 in A549 cells in the Hyperoxia group were higher than those in the Air group (*p*\<0.001). Up-regulation of CDC2 markedly inhibited the relative mRNA expressions of TNF-α, IL-1β, and IL-6 in hyperoxia-induced A549 cells (*p*\<0.01) ([Fig. 5D--F](#F5){ref-type="fig"}).

CDC2 alleviated the histopathologic changes of lung tissues in neonatal rats with hyperoxia-induced BPD
-------------------------------------------------------------------------------------------------------

According to qRT-PCR, the relative mRNA expression of CDC2 was increased in the Model+pcDNA-CDC2 group compared to the Model group (*p*\<0.001) ([Fig. 6A](#F6){ref-type="fig"}). HE staining showed that the expansion of the alveoli and pulmonary interstitial fibrosis were less obvious in the Model+pcDNA-CDC2 group compared to the Model group ([Fig. 6B](#F6){ref-type="fig"}). Up-regulation of CDC2 markedly decreased the fibrosis score in lung tissues of neonatal rats with hyperoxia-induced BPD (*p*\<0.001) ([Fig. 6C](#F6){ref-type="fig"}). Compared with the Model group, the alveolar area and RAC value were markedly increased in the Model+pcDNA-CDC2 group (*p*\<0.001) ([Fig. 6D and E](#F6){ref-type="fig"}). The results of IPP analysis revealed that injection with pcDNA3.1-CDC2 markedly decreased the MAD and AST of neonatal rats with hyperoxia-induced BPD (*p*\<0.001) ([Fig. 6F and G](#F6){ref-type="fig"}).

DISCUSSION
==========

Hyperoxia may cause BPD in immature lungs of preterm infants.[@B24] The hyperoxia-induced BPD model in neonatal rat is commonly recognized as a suitable model of BDP in preterm infants.[@B25] In order to explore an appropriate therapy for BPD, we constructed a hyperoxia-induced BPD model in rats. In this study, the expansion of the alveoli and pulmonary interstitial fibrosis were obvious; RAC value was decreased; and the fibrosis score, MAD, and AST were increased at 7 and 14 days after hyperoxia induction. All of these factors suggest that the hyperoxia-induced BPD rat model was constructed successfully.

An abnormal expression of CDC gene is related to the progress of pediatric disease. For instance, the expression of hCDCrel (human cell division cycle related) was decreased in infants with acute myeloid leukemia.[@B26] CDC42 was down-regulated in the pediatric inflammatory bowel disease.[@B27] In this study, the protein and mRNA expressions of CDC2 in lung tissues were markedly decreased in the Model group on days 7 and 14 and in hyperoxia-induced A549 cells. The results suggest that CDC2 may play important roles in regulating hyperoxia-induced BPD. Numerous studies have indicated that the cell viability and apoptosis play critical roles in the occurrence and development process of BPD in preterm infants.[@B28] Long non-coding RNA MALAT1 alleviates the BPD in preterm infants by promoting cell proliferation and inhibiting cell apoptosis.[@B29] Supplementation of glutamine protects against BPD by increasing the cell viability and decreasing the cell apoptosis of hyperoxia-induced A549 cells.[@B30] In this study, up-regulation of CDC2 enhanced the cell viability and attenuated the cell apoptosis of hyperoxia-induced A549 cells. Up-regulation of CDC2 also decreased the protein expression of bcl-2, and increased bax and caspase-3 in hyperoxia-induced A549 cells, implying a functional interaction between CDC2 and cell apoptosis.

CDC gene plays a key role in regulating the cell cycle. Hansel, et al.[@B31] has found that the CDC2 not only regulates G1 progress and G1/S transition, but also is capable of promoting G2/M transition through an association with multiple interphase cyclins. Cyclin B1 combines with CDC2 to form a complex. Once activated, this complex can initiate cells to progress from the G1/S phase to the G2/M phase.[@B32] A previous study has reported that drugs can act on and inhibit the cyclin B1/CDC2 complex, which delays the G2/M phase and inhibits cell growth.[@B33] In the present study, overexpression of CDC2 increased the number of hyperoxia-induced A549 cells in the G0/G1 phases, and reduced the number in the S and G2/M phase. Hyperoxia prevents lung development by inhibiting proliferation in the G1 phase and increasing arresting in the S phase.[@B34] We suspect that CDC2 may protect A549 cells against hyperoxia-induced BPD by mediating the G0/G1, S, and G2/M phases.

Inflammation plays a key role in the pathological mechanisms of preterm infants with BPD.[@B35] Previous evidence has shown that the inhibition of proinflammatory cytokines can ameliorate BPD.[@B36] Wu, et al.[@B37] also indicated that CDC2 is a positive regulator of the interferon (IFN) signaling pathway. The increased expression of CDC2 in systemic lupus erythematosus contributes to the over-activation of type I IFN signaling. Du, et al.[@B38] found that the inhibition of CDC2 significantly decreased lipopolysaccharide (LPS)-induced nitric oxide production, indicating that CDC2 mediates macrophage activation by LPS. In this study, overexpression of CDC2 decreased the levels and relative mRNA expression of proinflammatory cytokines in hyperoxia-induced A549 cells. Overexpression of CDC2 decreased the expansion of the alveoli, pulmonary interstitial fibrosis, fibrosis score, MAD, and AST; and increased the RAC value in neonatal rats with hyperoxia-induced BPD. Therefore, we speculated that high expression of CDC2 may relieve inflammation during the development of hyperoxiainduced BPD through inhibition of TNF-α, IL-6, and IL-1β-related signaling. Taken together, our results suggest that overexpression of CDC2 may serve as a potential target used in the treatment for hyperoxia-induced BPD in preterm infants.

This study had a limitation. Since we focused on cell experiments in vitro, the cell viability, status apoptosis, and expression of inflammatory cytokines in lung tissues of experimental animals after exogenous DNA injection were not detected in the current study.

In summary, CDC2 was decreased in the lung tissues of neonatal rats with hyperoxia-induced BPD and hyperoxia-induced A549 cells. Overexpression of CDC2 increased the viability while decreasing the apoptosis and inflammation of hyperoxia-induced A549 cells. Up-regulation of CDC2 alleviated the histopathologic changes in lungs of rats with hyperoxia-induced BPD. CDC2 may act as a potential therapeutic target for hyperoxia-induced BPD in preterm infants. However, the detailed action mechanism of CDC2 on hyperoxia-induced BPD remains limited, and further research is still needed.
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SUPPLEMENTARY MATERIAL
======================

###### Supplementary Table 1

Primer Sequences Used in Quantitative Real-Time PCR

![Hyperoxia-induced bronchopulmonary dysplasia enhanced histopathologic changes of lung tissues in neonatal rats. (A and B) The expansion of the alveoli, pulmonary interstitial fibrosis, and fibrosis score of lung tissues were evaluated by hematoxylin-eosin staining. (C) Alveolar area. (D) RAC value. (E) Mean alveolar diameter. (F) Alveolar septal thickness. Control, neonatal rats were kept in room air; Model, neonatal rats were exposed to an atmosphere of 90% oxygen (O~2~) and \<5% carbondioxide (CO~2~). ^\*\*^*p*\<0.01, ^\*\*\*^*p*\<0.001 vs. Control. RAC, radical alveolar counts.](ymj-61-679-g001){#F1}

![The CDC2 expression was decreased in neonatal rats with hyperoxia-induced bronchopulmonary dysplasia. (A) The relative mRNA expression of CDC2 was detected by qRT-PCR. (B) The relative protein expression of CDC2 was detected by western blot. Control, neonatal rats were kept in room air; Model, neonatal rats were exposed to an atmosphere of 90% oxygen (O~2~) and \<5% carbondioxide. ^\*\*\*^*p*\<0.001 vs. Control. CDC, cell division cycle 2.](ymj-61-679-g002){#F2}

![CDC2 enhanced the viability and reduced the apoptosis of hyperoxia-induced A549 cells. (A) The relative mRNA expression of CDC2 was detected by qRT-PCR. (B) The protein bands of CDC2 in A549 cells. (C) The relative protein expression of CDC2 was detected by western blot. (D) Cell viability was assessed by cell counting kit-8 assay. (E) Cell viability was assessed by LDH assay. (F) Cell apoptosis rate was detected by flow cytometry. (G) The relative protein expressions of bcl-2, bax, and caspase-3 were measured by western blot. Air, A549 cells were kept in room air; Hyperoxia, A549 cells were exposed to an atmosphere of 90% oxygen (O~2~) and \<5% carbondioxide (CO~2~); Hyperoxia+pcDNA-NC, hyperoxia-induced A549 cells were transfected with pcDNA-NC; Hyperoxia+pcDNA-CDC2, hyperoxia-induced A549 cells were transfected with pcDNA-CDC2. ^†^*p*\<0.05, ^††^*p*\<0.01, ^†††^*p*\<0.001 vs. Air; ^‡^*p*\<0.05, ^‡‡^*p*\<0.01 vs. Hyperoxia and Hyperoxia+pcDNA-NC. CDC, cell division cycle 2; LDH, lactate dehydrogenase.](ymj-61-679-g003){#F3}

![Effect of CDC2 on the cell cycle phases of hyperoxia-induced A549 cells. The cell cycle phases of G0/G1, S, and G2/M. Air, A549 cells were kept in room air; Hyperoxia, A549 cells were exposed to an atmosphere of 90% oxygen (O~2~) and \<5% carbondioxide (CO~2~); Hyperoxia+pcDNA-NC, hyperoxia-induced A549 cells were transfected with pcDNA-NC; Hyperoxia+pcDNA-CDC2, hyperoxia-induced A549 cells were transfected with pcDNA-CDC2. ^†^*p*\<0.05, ^††^*p*\<0.01, ^†††^*p*\<0.001 vs. Air; ^‡^*p*\<0.05, ^‡‡^*p*\<0.01 vs. Hyperoxia and Hyperoxia+pcDNA-NC. CDC, cell division cycle 2.](ymj-61-679-g004){#F4}

![CDC2 decreased the secretion of proinflammatory cytokines in hyperoxia-induced A549 cells. (A--C) The levels of tumor necrosis factor-α (TNF-α), interleukin (IL)-6, and IL-1β in A549 cells were measured by enzyme-linked immunosorbent assay. (D--F) The relative mRNA expression of TNF-α, IL-6, and IL-1β in A549 cells was measured by qRT-PCR. Air, A549 cells were kept in room air; Hyperoxia, A549 cells were exposed to an atmosphere of 90% oxygen (O~2~) and \<5% carbondioxide (CO~2~); Hyperoxia+pcDNA-NC, hyperoxia-induced A549 cells were transfected with pcDNA-NC; Hyperoxia+pcDNA-CDC2, hyperoxia-induced A549 cells were transfected with pcDNA-CDC2. ^†^*p*\<0.05, ^††^*p*\<0.01, ^†††^*p*\<0.001 vs. Air; ^‡‡^*p*\<0.01 vs. Hyperoxia and Hyperoxia+pcDNA-NC. CDC, cell division cycle 2.](ymj-61-679-g005){#F5}

![CDC2 alleviated the histopathologic changes of lung tissues in neonatal rats with hyperoxia-induced bronchopulmonary dysplasia (BPD). (A) The relative mRNA expression of CDC2 in lung tissues was measured by qRT-PCR. (B and C) The expansion of the alveoli, pulmonary interstitial fibrosis, and fibrosis score of lung tissues were evaluated by hematoxylin-eosin staining. (D) The alveolar area. (E) Radical alveolar counts (RAC) value. (F and G) Mean alveolar diameter and alveolar septal thickness were measured by Image-Pro Plus 6.0 software. Model, neonatal rats were exposed to an atmosphere of 90% oxygen (O~2~) and \<5% carbondioxide (CO~2~); Model+pcDNA, neonatal rats with hyperoxia-induced BPD were injected with pcDNA; Model+pcDNA-CDC2, neonatal rats with hyperoxia-induced BPD were injected with pcDNA-CDC2. ^\*\*\*^*p*\<0.001 vs. Model and Model+pcDNA. CDC, cell division cycle 2.](ymj-61-679-g006){#F6}

###### Quantitative Histopathology Score of Lung Injury

![](ymj-61-679-i001)

  Tissue                       0                                           1                                                         2                                                         3
  ---------------------------- ------------------------------------------- --------------------------------------------------------- --------------------------------------------------------- --------------------------------------------------------------
  Alveolar septae              All septae are thin and delicate            Congested alveolar septae in less than 1/3 of the field   Congested alveolar septae in 1/3 to 2/3 of the field      Congested alveolar septae in greater than 2/3 of the field
  Alveolar hemorrhage          No hemorrhage                               At least 5 erythrocytes per alveolus in 1 to 5 alveoli    At least 5 erythrocytes per alveolus in 5 to 10 alveoli   At least 5 erythrocytes per alveolus in more than 10 alveoli
  Intra-alveolar fibrin        No intra-alveolar fibrin                    Fibrin strands in less than 1/3 of the field              Fibrin strands in 1/3 to 2/3 of the field                 Fibrin strands in greater than 2/3 of the field
  Intra-alveolar infiltrates   Less than 5 intraalveolar cells per field   5 to 10 intra-alveolar cells per field                    10 to 20 intraalveolar cells per field                    More than 20 intraalveolar cells per field
